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F-region plasma dynamics has been one of the main foci of the ionospheric research community for decades.
The mid-latitude F-region has been considered to be relatively calm; however recent observations using highly
sensitive CCD imaging systems and Global Positioning System (GPS) receivers have revealed that mid-latitude
F-region mesoscale electrodynamics are more complex and this region is more active than usually assumed.
Here we report combined incoherent scatter radar (ISR), imager, and GPS observations of F-region Medium-
Scale Traveling Ionospheric Disturbance (MSTID) structures over the Arecibo Observatory in Puerto Rico. In
particular, the plasma structures seen in the narrow-beam ISR cannot be understood fully without the all-sky
images, which provide the context for the radar results—speciﬁcally, the spatial and temporal properties of the
mesoscale structure. The GPS-derived total electron content (TEC) data provide additional information on the
intensity of the MSTIDs. Here we present analysis of two speciﬁc plasma depletion events, which we prefer
to call “MSTID bands”. Important results on the 3D geometry of these structures were found using a newly
developed observation technique. For the ﬁrst time, it is shown that the southern part of MSTID bands reaches
higher altitudes than the northern part (vertically tilted by 12◦ towards magnetic south). These results give a
much broader perspective on nighttime, mid-latitude F-region structure and point to new ways of interpreting
these structures and how they appear in ISR results.
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1. Introduction
The Penn-State All-Sky Imager (PSASI) installed at
Arecibo Observatory (AO: 18.3◦N, 66.75◦W, altitude
350 m, L = 1.43 at 300 km, dip angle 46◦, geomagnetic
coordinates 31.5◦N, 8◦E) is a high-resolution optical all-sky
imager which has been operating since April 2003. Figure 1
shows the geomagnetic ﬁeld line geometry associated with
the site and the coverage of the imager (limited to 150◦ ﬁeld
of view) assuming an emission height of 300 km. Data is
collected at night during moon-down conditions. The im-
ager is conﬁgured to primarily monitor mesoscale F-region
processes using the 180◦ ﬁeld-of-view (FOV) primary lens
and 557.7-nm, 630.0-nm, and 777.4-nm narrowband ﬁlters.
The all-sky imager data for more than three years is avail-
able online (allsky.ee.psu.edu) and is being used to study
various ionospheric phenomena. More details on PSASI
and all-sky imaging in general are available in Seker et al.
(2007).
Plasma depletions have long been observed by all-sky
imagers, especially at low latitudes using the 557.7-nm,
630.0-nm, and 777.4-nm airglow emissions. A detailed re-
view of low-latitude imaging of ionospheric irregularities
is given by Makela (2006). Although low-latitude deple-
tions have been observed using imaging techniques for over
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two decades, it is only in the last decade that the imag-
ing technique has been applied to mid-latitudes. Recent
imaging studies have revealed that themid-latitude F-region
is also active with plasma depletion bands (or so called
slabs, MSTIDs), equatorial plumes, the midnight tempera-
turemaximum, spread-F, etc. (Mendillo et al., 1997; Garcia
et al., 2000; Kelley et al., 2000b, 2002, 2004; Shiokawa
et al., 2003a, b; Otsuka et al., 2003; Seker et al., 2007).
The use of imager and radar together has been the subject
of several recent papers: Pi et al. (2000) (imager, ISR, FPI),
Kelley et al. (2000a) (imager, ISR), Kelley et al. (2002) (im-
ager, ISR, GPS), Otsuka et al. (2003) (imager, MU radar,
FPI). However these papers have typically been limited to
comparing the radar “image” and the all-sky image by look-
ing at them simultaneously, rather than using the two jointly
to infer additional information about the structures being
studied.
As will be shown in the next section, we have employed a
technique which includes tracking the Arecibo radar beam
in the all-sky images and displaying the radar beam on the
image at the appropriate time automatically by means of
a computer code that “fuses” the results from the two in-
struments. This technique is most useful if the radar beam
is scanning in azimuth and thus can provide some spatial
information to compare with the images. When GPS-TEC
data is available, we include these data in the analysis. First,
in Section 2.1 we describe a strong MSTID event for which
radar data with ﬁxed vertical beam was available. In Sec-
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Fig. 1. (a) Geographic coordinate (latitude vs. longitude) map centered on AO showing coverage of the imager with a ﬁeld of view of 150◦ assuming
an emission height of 300 km. (b) Geomagnetic ﬁeld line distribution in the magnetic meridional plane of Arecibo (latitude vs. altitude) mapping the
630 nm airglow depletions at 300 km seen in the imager to an apex height of 1500–3500 km. Altitude Adjusted Corrected Geomagnetic Coordinates
(AACGM) are used.
tion 2.2 we present a weaker event for which radar data was
available in the azimuth-scanning mode. In Section 3 we
compare the results from the ISR and imager by the afore-
mentioned technique and provide further insight by making
GPS-TEC versus imager comparisons. We then discuss the
beneﬁts of using ISR, GPS-TEC, and all-sky imager data
in collaboration instead of using them separately. We con-
clude in Section 4 by emphasizing particular results of im-
portance highlighted by this study.
2. Results
2.1 Fixed beam (22–23 March 2004)
Figure 2 shows a typical ISR power proﬁle mode result
from the Arecibo Observatory (AO) operating in a ﬁxed-
zenith observing mode on 22–23 March 2004, a geomag-
netically quiet night (see Fig. 4). Figure 2(a) shows a “typ-
ical” midnight collapse from 2300–2800 LT (Nelson and
Cogger, 1971; Herrero and Meriwether, 1980; Colerico et
al., 1996; Mendillo et al., 1997). The rectangle highlights
the vertical features occurring during the collapse, and is
expanded in Fig. 2(b). The dashed lines at 250 km (the as-
sumed height of the 630.0-nm emission) in Fig. 2(b) denote
the times at which 60-second integration time images were
obtained with PSASI. Figure 3 shows the all-sky images
at 630.0 nm from PSASI, corresponding to the numbered
features in Fig. 2(b). The individual images are ﬂat-ﬁelded
and mapped to geographical coordinates (the grid size is
200 km × 200 km yielding an image of about 1200 km on
a side). The frames reveal distinct MSTID bands aligned
from the northwest to southeast. As the radar beam on
this night was ﬁxed at zenith, the ISR results correspond
to a point roughly at the center of these images. The pa-
rameters calculated from the unwarped all-sky images are
given in Table 1. The nighttime F-region electrodynamics
and thus the MSTIDs seen in the all-sky images are pre-
sumed to be described by the so called Perkins Instability
Table 1. The horizontal parameters (calculated from the allsky images)
for the event of 22–23 March 2004.
Tilt angle 20◦–40◦ westward from north
Depletion width 50–250 km
Wavelength 100–200 km
Horizontal speed 100–200 km/h
Period ∼1 hour
Intensity variation ∼5–15%
equations (nighttime F-region appropriate electron/ion mo-
mentum and continuity equations along with divergence of
current density equals zero) (Perkins, 1973; Garcia et al.,
2000; Kelley and Makela, 2001; Zhou et al., 2006; Zhou
and Mathews, 2006). Numerical solutions of the Perkins
equations for simulation of nighttime F-region electrody-
namic processes indicate that the depletion/enhanced struc-
tures (observed in the all-sky camera) develop northwest-
to-southeast aligned “wave fronts” that propagate to the
southwest in the northern hemisphere. These simulations
are valid when the F-region is electrodynamically decou-
pled from the E-region and the conjugate ionosphere (Zhou
et al., 2005, 2006; Zhou and Mathews, 2006). In practice,
the numerical simulations aremost valid when geomagnetic
activity is low and large-scale E-ﬁelds are small. However
we note that observations have shown strong E/F-region
electrodynamic coupling during low Kp, intense spread-F
events (Mathews et al., 2001; Swartz et al., 2002; Kelley et
al., 2003a).
An extensive examination of the ∼35 hours of observa-
tions on 22–23 March 2004 using a high-pass ﬁlter (non-
ringing) shows the presence of ∼1 hour period “waves” that
are apparent from the E region through the top of the F-
region and persist through the day (Livneh et al., 2007). The
dark bands seen in the all-sky images presented in Fig. 2(a)
and 3 appear to be part of the continuum of these ∼1 hr
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(b)
Fig. 2. AO observing program T1892 providing vertical ISR signal temperature (Mathews, 1984, 1986) results from 22–23 March 2004. (a) shows a
typical midnight collapse from 23–28 hours. (b) is the enlarged version of the rectangular region. The numbers correspond to the allsky images in
Fig. 3.
period waves as explained in Livneh et al. (2007). The
properties and possible origins of these waves are exten-
sively discussed in Livneh et al. We note that Fig. 2 of
Vadas (2007) gives Acoustic-Gravity Wave (AGW) dissi-
pation heights below 200 km for cold thermosphere (solar
minimum) conditions whereas we observe these waves at
∼250 km in the camera results and to altitudes in excess of
700 km in the ISR results. This leads us to note that the col-
lisional coupling between the neutral atmosphere and the F-
region plasma weakens rapidly with increasing altitude and
that, as pointed out above, the electrodynamics of waves in
the nighttime F-region must obey the electrodynamic equa-
tions given by Perkins (1973) and elucidated in Zhou et al.
(2005, 2006) and Zhou and Mathews (2006). In particular,
to the extent to which the F-region is decoupled from the E-
region, the propagation of wavelike features in the F-region
is enhanced to the southwest (and northeast) while damped
to the northwest/southeast thus providing a ﬁltering mecha-
nism as well as a possible ampliﬁcation (growth/instability)
mechanism (e.g. Taylor et al., 1998) that certainly inﬂu-
ences what we observe with both the ISR and the all-sky
camera systems. Further, we note that the F-region plasma
is incompressible for motions parallel to the geomagnetic
ﬁeld. Thus, as the neutral atmosphere AGW forcing of the
plasma decouples at the base of the F-region due to decreas-
ing collision frequency (and also due to altitude progressive
AGW losses), the ﬁeld-aligned plasma motions at the de-
coupling altitude are imposed on the entire plasma along
that ﬂux tube.
Comparison of Fig. 2(b) and Fig. 3 reveals that there is a
good agreement between the ISR and all-sky results which
complement each other by providing vertical and horizontal
information respectively, revealing the midnight tempera-
turemaximum drivenmidnight collapse to have the airglow
depletion wave-structure embedded in it. For example, im-
ages 3, 4, and 5 track the Fig. 2(b) radar results almost ex-
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Fig. 3. Allsky imager 630 nm frames from PSASI corresponding to the 1–8 numbered features in Fig. 2(b) and showing depletion bands moving to the
south-west. The streaks at the south-east part of the images are due to the dirt on the telecentric lens, the bright region at north-east of each image is
due to the city lights of San Juan, and the black rectangular area is due to a shield blocking the lights on one of the AO towers.
Fig. 4. Kp index for 22–24 March 2004 (UTC). The duration of the event is indicated by two arrows.
Fig. 5. 22–23 March 2004 from 2016 to 0514 LST. (a) Allsky Zenith Plot (averaging intensity over 3×3 pixels). Depletion bands and clouds are shown.
The intense area centered at frame 95 (0130 LST) is the well-known “Midnight Collapse”. (b) Corresponding ISR signal power plot averaged through
210 to 330 km. Depletion bands and midnight collapse are shown.
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actly with the progression from F-region low (bright band
overhead), high (dark band overhead), and lowering (dark
band passing). Another straightforward way to see the rela-
tionship between the airglow depletions and ISR data is to
plot the zenith data of the all-sky images and compare them
with the airglow emission height-range-averaged ISR data
for the corresponding time interval. We show the results
of doing this in Fig. 5, which reveals a strikingly similarity
between the two datasets. Speciﬁcally the three depletion
bands (corresponding to the frames 2, 4 and 7 in Fig. 3) are
apparent in both plots.
2.2 Swinging beam (15–17 June 2004)
Although data from the radar with beam swinging (az-
imuth scanning) provides more information such as elec-
tric ﬁelds, without the imager data providing the horizontal
structure, the medium-scale features are blurred. Thus, the
imager and radar data should be used together to analyze
the plasma features when the radar beam is swinging. Fur-
ther, with the addition of GPS-TEC data, additional insight
into the properties of the F-region structure can be gained.
Figure 6 shows the AOworld day ISR data from 14–18 June
2004. In contrast to the March 2004 case studied above, the
radar beam is at a 15◦-zenith angle and is swept 0◦–360◦–
0◦ cyclically with an approximate period of 16 minutes per
half-cycle. As the beam sweeps through different horizon-
tal regions of the ionosphere in this way, the resultant ISR
data shows periodic vertical features (Aponte et al., 2000;
Makela et al., 2001b; Kelley et al., 2003b). Figure 6(a)
and 6(b) show the proﬁles covering approximately two days
each, all of which were geomagnetically quiet (Kp∼2) as
shown in Fig. 9. The “midnight collapse” feature (approxi-
mate duration is indicated by the bar at the bottom of each
ﬁgure) can be seen during each of the four nights, especially
on 14–15 June. Even though the azimuth scanningmay blur
the details, spike-like depleted plasma features can still be
observed clearly during the nights of June 15–16 and June
16–17. Figure 7 shows the enlarged version of these struc-
tures on 16–17 June in the rectangular box highlighted in
Fig. 6(b). The two long lines at the top show the time in-
tervals of the two separate MSTID bands passing over the
radar. Again, the dots and the letters in Fig. 7(a) correspond
to the available all-sky images from the night and to the
images shown in Fig. 8, respectively. The squares/circles,
the letters A and B, and the short lines at high altitudes are
placed to show the effects of 3D geometry on the azimuth-
scanning ISR data and their meaning will be explained in
the discussion section. In addition, an azimuth angle vs.
time plot is inserted above Fig. 7(a) and 7(b) to emphasize
the effect of beam swinging on the ISR data.
The peak electron concentrations calculated from the ISR
and especially the Ramey ionosonde seem to be affected by
these MSTIDs embedded in themidnight collapse structure
as Fig. 6(c) clearly shows small oscillations (with ∼1 hr
period) between 2500–3000 LT. Since the ISR beam is
swinging, the mesoscale slower variations are modulated
by the rapid oscillations (with 16 min. period) that are due
to the beam azimuth-scanning across large-scale gradients
in the ionosphere, and thus it is harder to see the waves with
∼1 hr period in the ISR peak electron concentrations (blue
line) compared to the ionosonde results (red line). From this
result, it can be concluded that these MSTIDs indeed cover
a wide range of altitudes. Since the smaller scale structures
inside the depletions/enhancements are thought to be B-
ﬁeld aligned, they are most likely B-ﬁeld aligned “slabs” of
the ionosphere that are raised (airglow depletion) or lowered
(airglow enhancement). We demonstrate this in the next
section. Figure 8 shows the unwarped all-sky images from
PSASI corresponding to the times labeled with lower case
letters in Fig. 7(a). The white square at the center shows the
zenith of the imager and radar. The other square shows the
north direction at a zenith angle of 15◦, which corresponds
to the radar beam location with 0◦ azimuth angle. The
arc shows the motion of the beam during the 60-second
exposure time of the images, and the arrowhead indicates
which way the radar beam is rotating. The yellow contour
shows the island of Puerto Rico (∼150 km × 50 km).
In Fig. 10 we present total electron content (TEC) data
obtained along the ray-path from the GPS receiver at
Arecibo Observatory to various GPS satellites during the
night. The positions of the satellite-to-receiver ray path at
350 km is shown in these allsky images. This technique
has been used extensively in studying the effects of iono-
spheric depletions (e.g., Makela et al., 2000, 2001a). Doing
so again demonstrates the fact that the dark bands seen in
the 630.0-nm emission are caused by the lack of electron
concentration in the structure, rather than a localized uplift
in the ionosphere. This is an important distinction, as the
intensity of the 630.0-nm emission is dependent both on the
concentration of the ionosphere as well as its height (Link
and Cogger, 1988). Thus, without the additional informa-
tion provided by the ISR and GPS, there is an ambiguity in
interpreting the 630.0-nm emission.
3. Discussion
Recent studies have shown that the short-duration fea-
tures regularly seen in ISR results as shown in Fig. 2(b), are
not a direct result of the midnight collapse (MTM) event,
but rather a manifestation of the ∼1 hr periodic wave pro-
cess that extends through the whole ionosphere (Livneh et
al., 2007). However, these features appear to be more in-
tense during the midnight collapse period especially when
the geomagnetic activity is low. An examination of Kp val-
ues in Figs. 4 and 9 in comparison with the strength of
plasma MSTID activity in Figs. 2(a), 6(a) and 6(b) supports
the idea that these depletion bands tend to appearmore often
when the Kp is lower (as in 2nd and 3rd nights of Fig. 6(a)
and 6(b)). Although, there has been no previous in-depth
study on the correlation between geomagnetic activity and
mid-latitude plasma depletion bands, one study showed that
when the solar activity is high, the equatorial plumes are ob-
served more often and more toward mid-latitudes (Sahai et
al., 2000). From that and the correlation between Kp and
plumes/depletion bands observed by PSASI (e.g. in Seker
et al., 2007), it could be inferred that as the geomagnetic
activity becomes more disturbed, it becomes more likely to
observe equatorial plumes reaching AO latitudes instead of
these MSTID bands. More studies on this need to be done
in order to understand the dynamics of these phenomena.
From ISR data alone, one can infer some properties of
these depleted regions such as vertical extent and plasma-




Fig. 6. AO world day (15◦ ZA in continuous azimuth scans) ISR data from (a) 14–16 June 2004, (b) 16–18 June 2004. The time of midnight collapses
are indicated with lines at the bottom of the ﬁgures. (c) Peak electron concentration from AO ISR and the Ramey ionosonde. The ionosonde result
outliers are due to scaling errors as a result of weak signal returns. (source: N. Aponte)
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Fig. 7. (a) Gregorian Data in the rectangle of Fig. 6(b) in more detail. The dashed lines around 260 km correspond to the available allsky images from
that night and the letters correspond to the frames shown in Fig. 8. The allsky frames corresponding to letters A and B are shown in Fig. 11. The
long black lines at the top represent the two MSTID bands passing over. The white lines at high altitudes show the neighbor bands, and the squares
(circles) correspond to the height of the spikes when the beam is positioned at northern (southern) parts of a depletion band. Azimuth angle variation
is also shown. The very distinct “edges”, for example at 27.5 hrs, reveal very sharp edges in the F-region plasma distribution. (b) Corresponding data
from the linefeed that is pointed 180◦ from the Gregorian feed.
drift velocity (if dual-beam azimuth scanning is employed).
However the corresponding all-sky images clearly reveal
that the ISR results represent a single-point altitude/time
sequence of a rather complex mesoscale structure that is,
in the cases presented here, wavelike in appearance. That
is, the ISR results do not fully characterize the horizontal
extent of these structures. Notice how well the individ-
ual images in Fig. 3 agree with the numbered proﬁles in
Fig. 2(b). In the ISR data corresponding to Frames 3 and
6 in the imager data, we see that the ionosphere base is
lower resulting in higher recombination. This leads to a
brighter emission, as seen in the allsky imaging data. In
Frames 2, 4 and 7 dark structures are seen to be overhead
of the Arecibo Observatory and a corresponding depletion
(mostly due to uplift) is seen in the ISR data. It is the fusion
of the two data sets that begin to reveal the full extent of
what is happening. These depletion regions appear to obey
the well-known linear Perkins state equations of the iono-
sphere, since themodel and the observation agree with each
other well in terms of orientation and propagation direction
(Perkins, 1973; Zhou et al., 2006).
The June 2004 event is similar to, but weaker than, the
March 2004 event and similar conclusions can be drawn.
However, the ISR beam is in azimuth-scanning mode, and
although the scanning provides E-ﬁeld and drift informa-
tion, it distorts (aliases) the plasma depletion bands seen in
the radar image and makes it more difﬁcult to compare the
imager and radar results. In order to show the directionality
of ISR data, it is possible to create the azimuthal maps as
used in Aponte et al. (2000). An azimuthal map is a polar
plot displaying each column of the ISR data with respect to
angle; so each azimuthal map shows 16 min. of data (a full
circle). Here, we employ a different technique to visualize
the directionality of ISR data which also allows us to com-
pare the imager and ISR results. As shown in Fig. 7(a) and
Fig. 8, by identifying the beam location precisely in the im-
ages, one can track the MSTID bands very well even when
the beam is scanned. For example, from the allsky images
in Frames a, e and f of Fig. 8, it is seen that the ISR beam
is pointing at the MSTID band while the ISR data shows
uplifted/depleted regions. Similarly, in frames c, h, k and
n, the ISR beam is pointing at an enhanced region while
the ISR data shows enhanced electron concentration. Most
importantly, there are the transition regions (edges) which
prove how well the two data sets agree with each other. For
example, frames d, i and k in both Figs. 7(a) and 8 corre-
spond to the regions where the beam is about to transit from
depletion to enhancement; and the frames b, j and m cor-
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Fig. 8. The unwarped 60 sec time-averaged allsky images from PSASI corresponding to the times labeled with letters in Fig. 7(a). The arrow shows
the ISR beam location and direction, and the two dots correspond to the north and zenith directions. The yellow contour shows the island of Puerto
Rico (∼150 km × 50 km). The images are enhanced by removing the stars using a median ﬁlter and performing histogram equalization in order to
show the weak plasma depletion event with a better contrast. The night is somewhat cloudy, especially around 3 am. Features that can be seen in the
images along with the geographical directions are indicated in the last frame p. Clouds are contoured and the Milky Way disk is shown with a line.
The constant relatively darker disc region (encircled) is the dirt on the lens.
Fig. 9. Kp index for June 15–19 2004 (UTC). The midnight collapse times for each night is indicated with an arrow.
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(a) TEC from GPS Satellite 1 (b) TEC from GPS Satellite 2
Fig. 10. 16–17 June 2004 TEC data from two different GPS satellites overlapped with the allsky images. The vertical lines on the TEC plot for each
frame denotes the time at which the allsky image data was collected.
respond to the regions where the beam is about to transit
from enhancement to depletion. It is important to note how
critical the beam position relative to the position of MSTID
bands is for the ISR results. Notice that even if the beam
is slightly off the depleted region (as in Fig. 8, frame j),
the ISR shows no evidence of the features which points at
how sharp the gradients at the edges of the plasma depletion
bands are (Makela et al., 2001a). Clearly the very narrow
radar beam (∼1-km width at 300-km range) gives only very
local information.
Moreover, a MSTID bandmight show up asmultiple nar-
row bands in the ISR image since the beam is not station-
ary and the banded structure is moving, as is the case here
in Fig. 7(a). This method also reveals which spike-like fea-
tures in the ISR results are created by the sameMSTID band
and which are not. For example, there are several spikes in
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the ISR data for each of the two depletion bands, shown
by the long black lines at the top of the plot. That is, the
thickness and spacing of the spikes vary for a single band
due to the relativemotion between the swinging radar beam
and MSTID bands. This is demonstrated in a parallel paper
(Seker and Mathews, 2008) using a 3D model that is based
on the observations. Another common feature of the swing-
ing beam data is the fork shaped spike pairs (e.g., indicated
with “A” and “B” in Figs. 7(a) and 7(b)). The time between
each leg of the pair varies. Comparison with the allsky im-
ages reveals that these spike pairs are the artifacts of the
observation of the northern parts of a band with swinging
beam. Since the beam swings around geographic north,
when the depletion band is located slightly west of north,
the beam passes through this MSTID band twice, moving
in opposite directions, and that creates the fork with legs
appearing close to each other. Similarly, when the deple-
tion band appears further to the west (after it propagates
further south-west), that would create a larger time delay
between two legs. The beam usually catches the band at
south-east also, but since there is no beam direction rever-
sal south (north for line feed), this results in a single thick
spike in the ISR data. This also explains the reason of see-
ing a double-fork and a thicker spike often in series. This
double-fork feature is also demonstrated in Seker andMath-
ews (2008) using a 3D model.
Similar conclusions are reached with the imager-TEC
comparisons. Speciﬁcally, the GPS satellites provide data
along a single look angle that changes continuously as the
satellite moves across the sky. That is, the line from the
GPS satellite to the receiver at AO is not vertical unless
the satellite is exactly over AO. Thus, considering that
the plasma depletion bands also have a vertical extent, the
MSTID bands affect TEC results to various degrees de-
pending on the relative orientation of the band and the look
angle (Makela et al., 2001a). For example, the TEC re-
sults are expected to drop more when the line of sight is
aligned with the ﬁeld line. Similarly, the TEC results also
would not show any gradient when the F-layer moves only
along the line of sight without changing its shape or thick-
ness. In order to better understand the structure in the TEC
data, use of all-sky images may reveal that TEC variations
are due to, say, large-scale versus small-scale ionospheric
structures. Close examination of Fig. 10(a) reveals that as
the ﬁrst set of MSTID bands pass by at around 0530 UT,
the TEC drops from ∼4 TEC units to ∼1 TEC unit, then
increases to ∼5 TEC units and drops back to ∼3 TEC
units. From the all-sky frames it is clear that these oscilla-
tions with sharp gradients are due to local plasma depletion
bands, whereas the TEC (as well as ISR) information con-
ﬁrms that the bands aremostly due to depletions in electron
concentration along a wide range of altitudes of the whole
ionosphere, rather than simply uplifting of it as was the case
in Fig. 2(a). The MSTID bands embedded in the midnight
collapse (which is at ∼0600 UT) causing sharp TEC gradi-
ents can be observed well in Fig. 10(b). Also, although not
observed in Fig. 10(b), a single MSTID band could result
in multiple oscillations in the TEC plot due to the satellite’s
curved track moving into and out of the depleted region.
This is another example of the importance of the spatial in-
formation gained from the allsky images.
Another interesting point that surfaced from this study is
the differences in intensity variations of the data recorded
by each instrument. The ISR data varies ∼10–15% if aver-
aged over whole ionospheric heights, and ∼15–30% if aver-
aged only between 210 km and 330 km. The allsky imager
data (around 250 km) varies ∼10–15%. On the other hand,
the GPS-TEC varies by a large percentage of ∼50–70%.
These differences may yet yield additional insight into the
processes involved. However, it is necessary to note that
each of these instruments “sees” the ionosphere very differ-
ently and so the possible signiﬁcancemust be regarded with
caution.
One major advantage of using ISR (in scanning mode)
in conjunction with the all-sky images is that one can in-
fer information about the vertical structure of the bands at
different locations within the band itself. For example the
depletion at point g of Fig. 7(a) extends further vertically
than the depletions at points k, n and o. The squares (cir-
cles) in this ﬁgure represent the points in time when the ISR
beamwas pointing at (geomagnetically) northern (southern)
parts of a band. The selection between a circle and a square
is made by ﬁnding the location of the ISR beam relative
to the band in the corresponding allsky image and assum-
ing the slab remains approximately ﬁxed between each all-
sky frame (∼4 min). It should be kept in mind that the
azimuthal locations of the squares (circles) will only be to
the NW (SE) when the structure is directly over the radar.
The altitudes of the squares/circles are found by applying
an intensity threshold to the radar data and they show the
maximum heights of the depletions (the upper limit of the
slabs). We found that a constant threshold of 10% of the
average maximum electron concentration best deﬁnes the
bottom-side of the F-region when there is no depletion. On
the other hand, the calculated heights of the depletion peaks
match the observed heights the most when the threshold is
taken to be 70% of the average maximum. Since we are
interested only in the depletion heights, we used a 70%
threshold. It is apparent in the ﬁgure, that the circles are al-
ways higher than the nearby squares (as also demonstrated
in Seker and Mathews (2008) using a 3D model), meaning
that the southern part of a slab reaches higher altitudes than
the northern part. This is further conﬁrmed by comparing
the Gregorian and line feed data which let us compare two
different points in space simultaneously. Figure 11 shows
the allsky frames corresponding to the letters A and B in
Figs. 7(a) and 7(b). G and L represent the Gregorian and
line feed, respectively. In Fig. 11(A), the Gregorian beam
is at the southern part of the MSTID band, whereas the line
feed beam is at the northern part. And as expected, the cor-
responding spike in Fig. 7(a) (labeled with circle A) is at
a higher altitude than the corresponding spike in Fig. 7(b)
(labeled with square A). The beams switch positions in
Fig. 11(B). The Gregorian beam is now at the northern part
of the MSTID band, whereas the line feed beam is at the
southern part. So, the corresponding spike in Fig. 7(a) (la-
beled with square B) is at a lower altitude than the corre-
sponding spike in Fig. 7(b) (labeled with circle B). This is
an important result, since it suggests that the MSTID bands
are tilted vertically with northern component of the deple-
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Fig. 11. The allsky frames corresponding to A and B in Fig. 7. L and G
show the location of the line feed and Gregorian beams, respectively.
tion band at a lower altitude than the southern component.
Figure 12 shows the smoothened ISR beam proﬁles cor-
responding to A and B in Figs. 7 and 11. The threshold for
calculating the heights of the squares and circles in Fig. 7
is also shown. It is found from the geometry in Fig. 13
that the equation relating the height ratio to the tilt angle is
α = arctan[2h2/h1 − 1.7] − 15◦. According to Fig. 12,
the maximum height difference is only 319− 286 = 33 km
(h2/h1 = ∼1.12), which corresponds to a vertical tilt an-
gle of ∼12◦. Although both tilts are similar in direction,
this value is much smaller than the actual dip angle of the
magnetic ﬁeld line which is ∼46◦ at AO, and since the ac-
tual height difference between the squares/circles is usu-
ally smaller, it seems that the vertical tilt of the depletion
bands are usually even smaller than 12◦. An alternative ex-
planation that does not have to exclude the vertical ﬁeld-
alignment is related to the shape of the structures. For in-
stance, if these bands are like vertically ﬁeld-aligned elon-
gated bubbles (that are curved at the southern tip), they
could appear as vertically tilted less or even in opposite di-
rection, depending on the relative position of the band with
respect to the ISR beam as shown in Fig. 13. The same re-
sult is observed when the ISR beams are not located at the
center of the MSTID band. When the beams are pointing
near the edges of the MSTID band, the apparent tilt in the
ISR data is less than that of the geomagnetic ﬁeld-line. This
is also likely due to the curvature of the side (E-W) edges
of the MSTID bands. Apparently the bands are more ﬁeld-
aligned at the center and less tilted (more horizontal) at the
edges.
Finally, the high altitude bands, which vary with the
swing period, are indicated with short lines in Fig. 7. Each
high altitude band is mainly due to a neighboring band at a
particular instant, and not due to the one just overhead. At
high altitudes, the tilted beam extends enough horizontally
to detect the nearby band. Each high altitude band appears
as intensity-inversed with respect to the over-head band that
appears at lower altitudes for that particular time instant in
the ISR plot. This is because the neighbor of a dark band
is an enhanced band and vice versa. This is also conﬁrmed
using allsky images and is replicated in the parallel paper
(Seker and Mathews, 2008) using a 3D model. The model
geometry also explains why these high altitude bands ap-
pear thicker even though one would expect to observe sev-
eral thinner spikes at higher altitudes since the beam sweeps
more horizontal arc per unit time.
Also, certain features seen in the allsky images are ex-
plained better based on our ﬁnding that the band structures
are vertically tilted MSTID structures. First, this interpreta-
tion agrees with the inherit assumption of ﬁeld-alignment in
the Perkins Instability theory. Second, the bands are actu-
ally wider to the south relative to the north, because they
reach higher altitudes to the south and the bubble shape
expands probably due to vertical inhomogeneity of the F-
region. If the bands are in fact vertically tilted (the tilt be-
ing similar to the orientation of themagnetic ﬁeld line), that
provides clues on the generation mechanism also. In the
allsky images, the plasma depletion bands appear from the
north, meaning they must be originated at lower altitudes,
and consequently at higher latitudes as can be seen from
the ﬁeld line geometry in Fig. 1(b). This suggests that these
irregularities are possibly seeded by gravity waves that are
generated at lower altitudes. On the contrary, plume shaped
depletions appearing from the south in the allsky images
during geomagnetic storms could be associated with the
poleward surge of high-altitude equatorial spread-F bubbles
at themagnetic equator. Studies done with the GUVI instru-
ment on the TIMED satellite clearly show that the equa-
torial ESF plumes might reach mid-latitudes following the
magnetic ﬂux tubes (Kelley et al., 2003c; Kil et al., 2004).
Undoubtedly, in order to fully understand these mid-
latitude MSTID bands, the physical generation mechanism
should be understood. It is not trivial to explain the elec-
trodynamics of these dark bands,mainly due to the fact that
the actual horizontal and vertical tilt of the bands (∼30◦ and
∼12◦) is similar to but somewhat different than that of the
magnetic ﬁeld-line (11◦ and 46◦ respectively). On the other
hand, a difference of 20◦–35◦ is relatively small compared
to a possible maximum difference of 180◦. Consequently,
it could be argued that these MSTID bands are not too far
from being ﬁeld-alignedmeaning that B-ﬁeld plays amajor
role compared to the E-ﬁeld and the neutral winds at least
one of which must also play a minor role in order to ex-
plain the deviation from the ﬁeld lines. In the literature, the
most commonly accepted candidate to explain these struc-
tures has been the Perkins Instability (Garcia et al., 2000;
Zhou et al., 2006) which inherently assumes small-scale
ﬁeld-aligned irregularities and shows that they grow in time
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Fig. 12. ISR (linefeed and Gregorian) beam proﬁles at around 4 am (corresponding to B in Figs. 7 and 11). A threshold value of 4.1 × 106 el/cm3
(∼70% of the maximum) is used to calculate the depletion heights h2 and h1 that are shown in Fig. 13.
Fig. 13. Sketch of the vertical cross-section of a tilted MSTID band.
The geomagnetic north and south are labeled as N and S, respectively.
The three lines represent the zenith and the ISR beam’s positions at
geomagnetic north and south. Different positions of the ISR relative to
the MSTID band result in different apparent tilts due to the curvature of
the bubble shape.
in that particular direction for mid-latitudes. It explains the
NW-SE alignment of the bands, and—with addition of a
polarization electric ﬁeld (Kelley and Makela, 2001)—SW
propagation but its growth rate is too small and independent
of scale. As yet unpublished simulations that involve the so-
lution of the Perkins equations in the presence of horizon-
tal F-region structure indicates that growth rates are signiﬁ-
cantly larger in this (expected) situation (Zhou et al., 2008)
and match observed growth rates.
However, the Perkins Instability does not involve the nec-
essary seeding mechanism, and thus cannot explain the pe-
riodic nature of MSTID bands. Recent papers have linked
these structures with gravity waves, based upon their peri-
odic nature. Gravity wave theory can explain the period-
icity and the horizontal wavelength; however it cannot ex-
plain the very large vertical wavelength of MSTID bands
and their directionality, which is explained by the Perkins
Instability (Shiokawa et al., 2003a). Based on these re-
sults, it appears that a combination of the two theories is
the best explanation for the generation of MSTIDs. An
alternate seeding mechanism, an oscillating electric ﬁeld,
was also proposed by Shiokawa et al. (2003b). Based on
these papers, we believe the MSTID bands presented here
are seeded by AGWs at upper E-region altitudes, coupled to
plasma at higher altitudes due to ion-neutral collisions, and
then thismodulated plasma obeysmid-latitude nighttime F-
region electrodynamics (such as the Perkins Instability) at
higher altitudes. This explanation emerges as the best so far
for our dataset and for mid-latitude MSTID bands in gen-
eral.
4. Conclusions
We have investigated a common phenomenon of mid-
latitudes—MSTID bands. Combining the observational at-
tributes of an allsky imager, the AO dual-beam ISR and a
GPS-TEC system proved to be very useful by revealing that
the features seen in the azimuth-scanning ISR data corre-
spond directly to imager and GPS-TEC features and most
importantly by additionally providing important clues on
the 3D structure of these MSTID bands. These are sum-
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marized below:
1) Packets of several thin “spikes” seen in azimuth-
scanning ISR are actually created by a single MSTID
band.
2) The fork shaped spikes seen in azimuth-scanning ISR
data are due to the ISR beam reversing direction and
moving in and out of a single MSTID band.
3) The weak, (time wise) thick, high altitude bands (that
appear inverse or shifted) with the beam swing period
are due to neighboring bands. They appear thicker than
expected because the bands expand andmerge into the
peak of the F-region ionization at higher altitudes.
4) Most importantly, the bands are found to be tilted not
only horizontally (aligned northwest-to-southeast), but
also vertically as well, with southern parts of a band
reaching a higher altitude than the northern part. The
tilt is similar to the dip of the magnetic ﬁeld lines,
though the apparent tilt seen in ISR is less than the
dip angle. A possible explanation for this would be the
curvature at the southern tip and the side edges into an
elongated bubble shaped depletion.
Based on these results, we suggest that the geometry
of the MSTID bands is “vertically tilted bubbles” with
the following parameters: northwest-to-southeast aligned at
∼20◦ east of the geomagnetic south, depletion “bubbles”
tilted ∼12◦ vertically from horizontal towards geomagnetic
south, 50–250 km (geomagnetic) E-W thickness (thicker at
higher altitudes, or lower latitudes), 100–200 km horizontal
wavelength in the direction of propagation, 100–200 km/hr
horizontal propagation speed, and 1-hr period. These pa-
rameters are consistent with previous studies (e.g. Shiokawa
et al., 2003a). Since the bands are vertically tilted and have
the bubble shape, the vertical wavelength seems to vary. As
shown in Fig. 13, the lower edge of the bands seem tomerge
with the depleted E-region at ∼200 km, otherwise enhanced
plasma regions would have been observed below the spikes
in the ISR data. Also, the upper edge appears to reach from
250 km up to >400 km depending on the position of the
band relative to the ISR beam due to the curvature of the
southern tip and the sides of the “bubble” as demonstrated
in Fig. 13.
We also discussed what we suspect is the most likely
generation mechanism of these mid-latitude MSTID bands:
gravity wave seeded Perkins Instability. However, extensive
theoretical and modeling studies should be done to further
strengthen this claim. In a parallel paper (Seker and Math-
ews, 2008) we introduce a 3Dmodel of these MSTID bands
based on the observations presented here. Using a hypothet-
ical azimuth-scanning ISR, it is further conﬁrmed that these
MSTID bands are most likely vertically ﬁeld-aligned. The
synthesized ISR results from this model also conﬁrm all of
the conclusions outlined above. We are further improving
the model by adding the bubble shape and basing it on the-
ory instead of just observations.
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